All available thermodynamic and phase-diagram data have been critically evaluated and optimized for the liquid-slag phase and for all solid phases at 1 bar pressure from 298 K to above the liquidus temperatures for the systems MnO-Al 2 O 3 and MnO-Al 2 O 3 -SiO 2 , and a database of model parameters has been prepared. The modified quasichemical model was employed for the molten-slag phase. Calculations using the database were performed with applications to inclusion engineering for Mn/Si killed steel.
I. INTRODUCTION
THE MnO-Al 2 O 3 -SiO 2 ternary system is of interest for inclusion control in Mn/Si-killed steel. Mn/Si complex deoxidation is indispensable for the production of high-value steels such as tire-cord steel and high-Ni steel (Fe-36 pct Ni Invar steel), in order to avoid the harmful effects of solid Al 2 O 3 inclusions formed during Al deoxidation. Al 2 O 3 inclusions usually cause wire breakage during tire-cord production, where inclusions should be deformable during the wiremaking process. Therefore, Mn/Si deoxidation, which results in MnO-SiO 2 -(Al 2 O 3 ) inclusions of low melting temperature, is usually preferred. In order to control inclusions precisely, inclusion engineering, based on the thermodynamic relations between inclusions and liquid steel, should be carried out during the secondary refining stage in the ladle and tundish.
In the present study, a thermodynamic database of model parameters for the MnO-Al 2 O 3 -SiO 2 system has been developed by evaluation/optimization of all available thermodynamic and phase-diagram data. This database, together with the previously developed database for molten steels, can be used to perform calculations of importance to inclusion engineering.
II. THERMODYNAMIC OPTIMIZATION
In a thermodynamic "optimization" of a system, all available thermodynamic and phase-equilibrium data are evaluated simultaneously in order to obtain one set of model equations for the Gibbs energies of all phases as functions of temperature and composition. From these equations, all thermodynamic properties and the phase diagrams can be back-calculated. In this way, all the data are rendered self-consistent and consistent with thermodynamic principles. Thermodynamic-property data, such as activity data, can aid in the evaluation of the phase diagram, and phase-diagram measurements can be used to deduce thermodynamic properties. Discrepancies in the available data can often be resolved, and interpolations and extrapolations can be made in a thermodynamically correct manner. A small set of model parameters is obtained. This is ideal for computer storage and calculation of properties and phase diagrams.
The first step is to optimize the binary subsystems. In the second step, the models are employed to predict the thermodynamic properties of ternary solutions from the optimized binary-model parameters. The predictions are compared with measured ternary properties and phase diagrams, and small optimized ternary-model parameters are added if necessary. Finally, from the optimized binary and ternary parameters, thermodynamic properties and phase diagrams of multicomponent systems can be predicted.
Several hundred oxide, salt, alloy, and other systems have been systematically optimized in this way in order to develop the present large database of the FACT [1] computer system. A few examples of optimizations of oxide systems are given in References 2 through 11.
For the molten-oxide (slag) phase, the modified quasichemical model [12, 13] was used. This model has been recently summarized. [14, 15] Short-range ordering was taken into account by considering second-nearest-neighbor pair-exchange reactions. For example, for MnO-Al 2 O 3 -SiO 2 slags, these reactions are
where (m-n) represents a second-nearest-neighbor pair. The parameters of the model are the Gibbs energies (⌬g mn , where m and n ϭ Mn, Al, Si) of these reactions.
The Gibbs energy of the liquid solution is given by [4] where n MnO , , and are the numbers of moles of the components in solution, and n mn is the number of secondnearest-neighbor (m-n) bonds at equilibrium. The term ⌬S config is the configurational entropy-of-mixing expression for the random mixing of the bonds over "bond sites" in the Ising approximation and is a function of n mn . For the full expression, [10]
refer to References 7 and 10. The number of bonds (n mn ) at equilibrium is given by minimizing G with respect to n mn at constant overall composition: ∂G/∂n mn ϭ 0. This results effectively in "equilibrium constants" for the quasichemical Reactions [1] through [3] . For example, since ⌬g MnSi is negative, the equilibrium in Reaction [1] is shifted to the right, and (Mn-Si) bonds predominate over (Mn-Mn) and (Si-Si) bonds. Second-nearest-neighbor coordination numbers (Z mm and Z mn ) are also introduced, as described previously. [7, 10] Compositions are expressed in terms of "coordination equivalent mole fractions" (Y m ) of the components. These are the mole fractions weighted by the coordination numbers, as defined in Reference 15. Although the modified quasichemical model does not explicitly take account of the polymeric nature of silicate melts, it can be shown [12, 13] to give a very similar description, both physically and mathematically. For example, a (Si-Si) pair is joined by an O 0 "oxygen bridge," while a (Mn-Si) pair may be associated with an O Ϫ bonded to the Si, and an (Mn-Mn) pair is associated with an O 2Ϫ free oxygen ion. Hence, Reactions [1] through [3] are very similar to the well-known depolymerization reaction:
The binary-model parameters ⌬g mn are expanded as empirical polynomials in the composition variable Y m , and the coefficients are obtained by optimization of the binary data, as described previously. For example, for the MnO-SiO 2 binary liquid solution, the following optimized expression for ⌬g MnSi was obtained:
Once the three binary subsystems of a ternary system have been optimized, the properties of the ternary liquid solution can be estimated from the binary parameters as described previously, [10] and small optimized ternary-model parameters may be added if required to reproduce available ternary data. For instance, as will be described in Section II-C, for the MnO-SiO 2 -Al 2 O 3 system, an empirical ternary term, , was included in the expression for ⌬g MnSi , where q 002 MnSi(Al) is a coefficient obtained by optimization of the ternary data. This term describes the influence of the presence of Al on the energy ⌬g MnSi of Reaction [1] . Note that this term is equal to zero in the MnO-SiO 2 binary system, where . Another ternary parameter, describing the influence of Mn on ⌬g AlSi , was also included for this system.
A. MnO-SiO 2 and Al 2 O 3 -SiO 2 Systems
These systems were optimized previously. [7, 10] Phase diagrams calculated from the optimized parameters are shown in Figures 1  and 2 . In the evaluations/optimizations, all available phasediagram data from several sources, metastable phase-equilibrium data, data on the Gibbs energies of all compounds, and measured activities of MnO in the MnO-SiO 2 slags were simultaneously taken into account. The optimized binary-model parameters, as well as optimized expressions for the Gibbs energies of all compounds, are given in References 7 and 10 along with the "coordination numbers" of Mn, Si, and Al used in the modified quasichemical model for the slags and the optimized model parameters for the nonstoichiometric Mullite solid solution. 
The quasichemical parameter ⌬g MnSi for the MnO-SiO 2 slag phase is very negative, indicating a strong tendency to short-range ordering in this solution.
B. MnO-Al 2 O 3 System
The calculated phase diagram (back-calculated from the optimized parameters) is shown in Figure 3 along with selected experimental points obtained from Jacob [16] and Olsen and Heynert.
[17] The earliest reported phase diagram of Hay et al. [18] is not in agreement with subsequent measurements, probably because the O 2 pressure was not sufficiently low.
Olsen and Heynert [17] obtained their liquidus measurements by equilibrating metal-saturated oxide melts with Al 2 O 3 crucibles followed by quenching and analysis. They stated that their melts may have contained up to 20 pct FeO. They reported eutectic and peritectic temperatures of 1520°C and 1720°C measured by a calorimetric technique; however, no experimental details are given. Jacob [16] measured the liquidus temperatures shown on Figure 3 at 1600°C and 1650°C by equilibration under controlled oxygen pressures of 10 Ϫ5 to 10 Ϫ6 bar, followed by quenching and electron microprobe analysis. These same experiments showed approximately 1 pct solubility of Al 2 O 3 in solid MnO and no solubility of MnO in MnAl 2 O 4 . In
